In the Laboratory for Precise Measurements of Length, LFSB, which is now the Croatian National Laboratory for Length, unique roughness reference standards were developed in the year 1986. Because of the world-class quality of those standards and their measuring features, the same were sold in several European countries, and today they, among others, are used as roughness reference standards in Italy, Slovenia and Croatia. However, especially in the last decade, there was significant progress in the field of nanotechnology that led to the development of new measuring equipment. The above-mentioned standards due to their size, production technology and measuring features cannot fully meet metrological requirements in the field of nanometrology, i.e. they are not compatible with scanning probe microscopes. Therefore, it was decided to search for possible limitations in the procedure of groove depth measurements on the LFSB standards. In order to include as many measuring devices as possible, i.e. measurement methods, in this research, in 2008 the LFSB launched EURAMET Project 1012 'Limitations of methods for measuring the depth of the groove' in collaboration with national metrology institutes of Italy and Egypt. In this paper the results of measurements performed within the project are presented, and based on the obtained results, the advantages and limitations of the LFSB standards have been discussed, with recommendations for their improvement.
Introduction
In the last two decades there has been significant development of measuring equipment in the area of surface metrology, particularly the development of scanning probe microscopes (SPMs). Manufacturers of measuring equipment supply, along with the instrument, standards that are designed specifically for that measuring device, in order to verify the accuracy and to perform calibration of that instrument. In addition, in the market there are several manufacturers of standards in the field of dimensional nanometrology. In general, these standards are intended for individual groups of measuring instruments, such as interferometric microscopes, stylus instruments, scanning electron microscopes (SEMs) or SPMs. In the field of micrometrology the requirements for the reference standards are defined in standard [1] in their function, but not in their size.
The above-mentioned standards set the foundation of standardization in the field of micrometrology, while the assured traceabilities are accompanied by the adopted levels of measurement uncertainties.
However, in the area of nanometrology further intensive work and research is necessary in order to introduce standardization, and respectively ensure traceability and measurement unity at the global level.
Since 1986 the LFSB has used roughness reference standards which are designed in the LFSB, and in cooperation with the company 'RIZ', Zagreb standards have been realized. The uniqueness of those calibration standards lies in two measurement surfaces. One is used for the reproduction of roughness parameters, while the other serves for traceability of the length unit.
For many years, these standards were applicable as calibration standards for all measuring equipment that measures surface roughness. However, due to significant development of measuring equipment in the field of dimensional nanometrology, the measuring features of LFSB calibration standards are no longer sufficient, especially in terms of the required levels of measurement uncertainties in the groove depth measuring procedure. 
LFSB roughness reference standards
LFSB calibration standards were made from silicon monocrystal processed by planar technology, by means of which rectangular grooves in the SiO 2 layer were obtained [2] .
Calibration standards have two measurement surfaces (figure 1):
• surface with the grid of repetitive SiO 2 rectangular grooves; • surface with three wide SiO 2 rectangular grooves.
The measurement surface with the grid of repetitive SiO 2 rectangular grooves (figure 2) serves for the reproduction of roughness parameters that are defined in standard [3] .
The measurement surface with three wide SiO 2 rectangular grooves (depth measurement standard Type A1, according to ISO 5436-1:2000) is positioned within the rectangle bordered by a narrow furrow. This surface is presented in figure 3 .
Parts of measurement surfaces are coated with a thin layer of gold in order to ensure conditions for interferometric measurement. The calibration standards are realized in such a way that the groove depth can be measured by a contact method, usually by stylus instrument, as well as by an absolute, interferometric method. Indirectly, using the polarization method, by measuring the thickness of the SiO 2 layer one can obtain the information about the groove depth [3] .
However, given the fact that for measurements of groove depths one must use differently produced measurement surfaces, with respect to different measurement methods, there is a question of the influence of these varied surfaces on the obtained measurement results.
Due to difficulties in ensuring the conditions for reproducibility of the results obtained with different measurement methods, and the fact that in the last two decades there has been significant development of measuring equipment in the area of nanometrology, it was decided to determine the value of variations in groove depth measurements using various available measurement methods. In order to involve as many as possible measuring instruments in this research, the LFSB initiated EURAMET Project 1012, 'Limitations of methods for measuring the depth of the groove', with national metrology institutes from Italy and Egypt as partners in research.
Results of EURAMET Project 1012
The measurements were performed on seven calibration standards with different nominal depths of grooves: 100, 240, 860, 1600, 2100, 2700 and 4100 nm. As already noted the participants in these measurements were national metrology institutes of Italy (INRIM), Egypt (NIS) and Croatia (LFSB), and as an associate participant Institute Ruder Boskovic (IRB) from Zagreb, Croatia. Table 1 gives a brief review of the measurement methods, used measuring instruments, ways of ensuring traceabilities and the sizes of sampling areas and sampling lengths.
The obtained measurement results, with expanded uncertainties expressed by the coverage factor k = 2, P = 95%, are shown in table 2. 
Evaluation of comparison data
From the results given in table 2 evaluation of reference values (RV) for simple arithmetic mean (S-mean), inversevariance weighted mean (W -mean) and median for each measured groove depth standard has been done. The results are reported in table 3. The standard uncertainty associated with the weighted mean is evaluated using a recognized formula [4] .
Some deviations occurred in the results obtained with an AFM (atomic force microscope). In comparison to the results obtained using other measuring instruments, the results obtained using the AFM showed a linear reduction while increasing the nominal values of the measured groove depths. This linear reduction function is expressed on the graph presented in figure 11 .
On the horizontal axis are the calculated weighted means for each measured standard. The weighted means were calculated using the expression from the literature [4] . In the calculation of the weighted means all measurement results from table 2 were included with the exception of the results obtained using the AFM. The occurring deviations could mean that the vertical axis is not well calibrated during the selfcalibration process of the AFM.
Since the expressed means of the results obtained using the AFM showed significant deviation, they were excluded from further data evaluation. Given that all the results, besides those excluded, have the same mean statistically speaking, the classical chi-squared test was used to address the question of metrological equivalence. Namely, the task was to prove that the dispersion of results is adequately described by the measurement uncertainties stated by the participants. using the participant data given in table 2 as the source.
The obtained measurement results showed overall good comparability within the declared levels of measurement uncertainties, with the exception of the results obtained with the AFM. If we consider the measurement areas with respect to the measurement methods used, one can see that they are prepared using different technologies ( figure 12) . Therefore, there is a question of the influence of various measurement surfaces on the measurement results obtained with different measurement methods. Despite the fact that the grooves were measured on different areas on the calibration standards, the achieved results revealed good uniformity within the standard's measurement areas, as well as good comparability between the measurement areas.
In table 1 sampling areas and sampling lengths are stated for each measuring instrument used. Scans performed with the AFM were 5 μm × 5 μm, whereas the areas or sampling lengths in the cases of other instruments used were significantly larger. Therefore, using the AFM the groove depth could not be measured in accordance with ISO 5436-1:2000. Using other instruments, with the exception of the ellipsometer, assessments of the groove depths were done as per ISO 5436-1 requirements.
Furthermore, a problem with the size of the calibration standards appeared during the AFM measurements. Namely, the samples are 50 mm in diameter and as such cannot be measured by a majority of SPMs due to the size limitations of the setup of those instruments.
As was the case with the NANO2 comparison, the results obtained in this comparison were successful as well. In comparison to the instruments used in these two comparisons, in NANO2 SPMs were used more frequently. In this comparison measurements planned using some other SPMs were not made because of the large diameter of the calibration standard.
In the NANO2 comparison, the size of the measured standards was 5 mm × 5 mm ensuring their acceptance in all the available SPMs. As for the nominal value of the measured groove depths in this work they ranged from 100 up to 2700 nm, as opposed to measured step heights from NANO2 that were in the range from 7 to 800 nm [7] .
The outcome of the NANO2 comparison has served the participants to validate or to improve their instruments. As for the aim of this comparison, the obtained results and experience will serve in the development of a new roughness standard.
Although the results showed good comparability, a new model of reference standards is to be considered, for all the reasons discussed above. These new calibration standards will have two measurement areas to ensure the ability to measure the groove depths as well as 2D and 3D roughness parameters. One surface is a sequence of rectangular SiO 2 grooves, while the second measurement area consists of three wide rectangular SiO 2 grooves. Grooves with different lateral sizes are chosen so that the calibration standard could be measured by different types of instruments. The sizes of the probe dimensions were considered in the design of measurement areas. Both measuring surfaces of the calibration standard will have the same nominal value of the groove depth, thus ensuring a link between those measurement surfaces. This characteristic, as far as the authors know, makes them unique. Measurements are planned to be carried out in order to confirm the same assumed depths of the grooves with different widths.
The impact of the measured calibration standard in the uncertainty budget calculation is the one with the most influence. For this reason, reduction of the measurement area should be considered in order to help ensure better uniformity of standards measurement surfaces.
Since the LFSB has more than 20 years of good experience with Si/SiO 2 as a material for standard's structures, and the fact that today silicon is the most used material for calibration standards in the field of dimensional nanometrology [5, 6] , new LFSB roughness standards will also be made from silicon.
In figure 13 the design of new LFSB roughness reference standards is presented.
Due to the transparency and electrical non-conductivity of the SiO 2 layer, the Si/SiO 2 structures will be coated with a thin metallic layer which will provide conditions for optical measurements and measurements that require conductivity of the measurement surface.
Therefore the selected layer must have the following properties:
• excellent mechanical properties, • good adhesion, • ability to maintain the geometry of the primary structure of Si/SiO 2 (same level of deviation from parallelism and flatness), • required optical properties and • electrical conductivity.
As far as the authors are aware, the above-discussed new design of calibration standards makes them unique. Namely, as for the surface with a sequence of rectangular SiO 2 grooves there are commercially available standards but uncoated. Those standards are usually intended to be used by AFMs but they cannot be measured by interferometry or measurements that require electrical conductivity of the measured surface. As for groove depths, i.e. step heights with different widths that can be measured by a variety of different measurement methods, there are, of course, the standards that were measured in the NANO2 intercomparison.
But the fact that the new design of the calibration standard discussed here has two measurement surfaces with the same nominal value of groove depths, thus ensuring a link between those measurement surfaces, makes those standards unique. Furthermore, coating of those standards will provide all required conditions on the measurement surface in order to be measured with optical instruments, stylus instruments, SEMs, AFMs and STMs.
The calibration standards are partially produced, and the LFSB has begun the research on the standards' measuring properties.
Conclusion
With the intensive progress in nanotechnology, new measuring instruments with the possibility of sub-nano-resolution have been developed. Consequently problems with the reference standards in the nano area have appeared.
Furthermore, in the area of nanometrology particular problems represent the difficulties in ensuring the reproducibility of the measurement results achieved by different measuring devices (methods). Therefore, it was decided to explore the limitations of measurement methods in the procedure of groove depth measurements on the LFSB roughness reference standards. In order to include as many measuring instruments in that research as possible, the LFSB launched EURAMET Project 1012 'Limitations of methods for measuring the depth of the groove'.
The obtained results showed overall good agreement within the declared levels of measurement uncertainties, with the exception of the results obtained with the AFM. However, if we look at the measurement areas with respect to the applied measurement methods, one can see that they are formed by different technologies. Therefore, there is a question of the influence of various measurement surfaces on the measurement results obtained with different measuring instruments.
Even though the grooves were measured on different areas on the standard, the obtained results showed good uniformity within the measurement areas, as well as good comparability between the standard's measurement areas. The results obtained using the AFM, in comparison to the results obtained using other measuring instruments, showed a linear decrement with increasing nominal values of the measured groove depths. A detailed analysis of the potential causes for the observed deviation in the results obtained using the AFM is in progress.
In addition, a problem with the size of the calibration standards appeared during the AFM measurements. Since the LFSB standards are 50 mm in diameter they were just at the borderline to be mounted on the AFM. Specifically, the capability to accept the size of calibration specimens was the crucial reason why they were not measured using other available SPMs.
Although the results showed good comparability, a new model of reference standard is to be considered, for all the reasons discussed above. That calibration standard would have a single measurement surface whatever the measurement method used. That way, measurements on that single, unique surface would indicate only the differences due to the used measurement methods, i.e. devices. This new LFSB roughness reference standard is partially produced. After complete physical realization of the standard, the expected measuring features will be analyzed experimentally. In addition, comparative measurements of the groove depth on these new LFSB standards will be carried out using different measuring devices (methods) in order to determine the level of repeatability and reproducibility of the measurement results. Moreover, research on the suitability of the surface with repetitive grooves for the reproduction of roughness parameters in the field of nanometrology will be carried out.
